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Abstract

Understanding the frictional properties of

advanced Micro-Electro-Mechanical Systems (MEMS)
is essential in order to develop optimized designs and

fabrication processes, as well as to qualify devices for

commercial applications. We develop and demonstrate a
method to experimentally measure the forces associated

with sliding friction of devices rotating on a hub. The
method is demonstrated on the rotating output gear of
the microengine recently developed at Sandia National

Laboratories. In-situ measurements of an engine
running at 18300 rpm give a coefficient of friction of 0.5

for radial (normal) forces less than 4 µN. For larger

forces the effective coefficient of friction abruptly

increases, suggesting a fundamental change in the basic

nature of the interaction between the gear and hub. The

experimental approach we have developed to measure
the frictional forces associated with the microengine is
generically applicable to other MEMS devices.

1. Introduction

Friction is a relatively uncharacterized property of

Micro-Electro-Mechanical Systems (MEMS) that can

significantly impact both their performance and

reliability. Frictional effects include both increasing the

power requirements of MEMS actuators and, more
significantly, inducing wear that can result in premature

device failure. Friction can also impact the dynamical
behavior of MEMS, resulting in undesirable modes of
operation if drive signals are not properly engineered.

Consequently, a basic understanding of frictional effects
in MEMS is essential for them to receive widespread

acceptance in commercial applications, where
performance and reliability must both be optimized and

quantified.

Friction-related research in the area of rotating
MEMS structures has been limited primarily to two
types of structures. Rolling friction has been examined

1‘2 often termed wobblein harmonic side-drive motors,
motors. Sliding friction that occurs between a rotating

disk and supporting hub has been examined for

electrostatic motors where the stators completely

encircle the rotor.3’4 These particular rotating devices
are not capable of delivering torque to an external load.

A technologically important device that exhibits sliding

friction and that is capable of driving external loads is

the microengine recently developed at Sandia National

Laboratories.536’7

Fig. 1. The microengine consists of orthogonally oriented
linear comb drive actuators mechanically connected to a
rotating gear capable of providing torque to a load device.

* This work was performed at Sandia National Laboratories and supported by the U. S. Dept. of Energy under

contract DE-AC04-94AL85000.
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The microengine (Fig. 1) consists of linear

electrostatic actuators that are mechanically coupled to

an output gear. The electrostatic combs permit the

application of attractive forces in four directions. The

resulting forces are transmitted to the gear through

mechanical linkages in a way that results in continuous
rotation of the output gear. The moveable comb

structures are mechanically supported by springs, which
are attached to the substrate. A complete description of

the technology used to fabricate the microengine is

given elsewhere,7 as is additional design information.6

The microengine has been operated at speeds in excess

of 300,000 rpm, with a current endurance record of

3,200,000,000 revolutions accrued on a single engine.

In this paper, we develop an in-situ method to
measure frictional forces between the rotating output

gear and hub of the microengine. To do this, we model

the dynamics of the engine, and experimentally
determine the basic physical parameters of the structure,

such as the spring constant, electrostatic force constant,
and damping coefficient. The experimentally measured

values are compared with those theoretically expected.

As a further check of the dynamical model, theoretical

predictions of the engine response are experimentally

verified. Finally, frictional forces are determined from
measurements of operating engines. While the details of

the method presented in this paper are specific to the

microengine device, the approach used to measure and

characterize friction is generically applicable to a wide
range of MEMS devices.

2. Friction Measurement Model

Our objective is to determine experimentally the
radial (normal) force between the output gear and the
hub on which it rotates, and the resulting tangential
frictional force. Ideally, these forces should be
determined from experimentally measured quantities

obtained from an engine during normal operation. Such

an in-situ measurement technique would permit the

determination of how different operational parameters

impact friction, such as accrued number of cycles,

loading conditions, drive signals, lubricants,
temperature, etc. An additional requirement of the

measurement approach is that it must be possible to
determine the necessary physical parameters directly
from a set of measurements independent from those
used to determine the frictional forces. These objectives
are met by our approach, as described below.

Several forces must be considered when modeling
the dynamics of the microengine (see Fig. 2). The
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Fig. 2. The comb drives experience forces due to supporting
springs, air damping, electrostatic attraction, and the
mechanical linkages connecting them to the gear.

electrostatic forces resulting from voltages applied to

the comb drives, which are always attractive, are given

by

Fx = fax V: (1)

FY = kaYV~, (2)

where the positive signs are used when combs are
pulling in the positive directions, and similarly for the

negative signs. The term a, called the electrostatic force

constant, is related to geometrical quantities by7

ha = n&–,
g

(3)

where n is the number of fingers in the comb drive, E is
the dielectric constant of the material between the
interdigitated fingers, h is the comb thickness, and g is

the width of the gap.

The springs supporting the combs provide a

restoring force given by

Fx = –kxx (4)

FY = –kYy. (5)

The spring constants k are related to Young’s modulus E,

for the present design, byg

()
3

k=4Eh: , (6)

where h is the spring thickness, w is the width of the

spring beams, and L is the length of the spring.
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When operating in air, the moving comb structures

can experience resistive forces due to air damping,

which are approximated by

~ ._d<x
x ‘dt

(7)

Fy = -dy$, (8)

where the terms dx and dy are the damping coefficients.

Even though the microengine components have
small mass, significant inertial forces can result when
the engine is operated at sufficiently high speeds (>
100000 rpm). Thus, we include the linear inertia of the

comb drives and linkage arms when solving the

dynamical equations of the microengine. The effect of
the rotational inertia of the output gear is negligible for

the present design.

To simplify the form of the equations, we define

the following terms:

(9)

(lo)

(11)

where mx is the mass of the structure moving in the x

direction and C and L are geometrical quantities (see

Fig. 2). Omitting the details of the derivation, we solve

Newton’s equation ZF = ma, and obtain

F,

G
= y*#V~sin(0) -*~ V~cos((3) + COS(L3)-1

sin2(0) ~ + ~bYg) + (1 –y2)sin(@)cos(g)—
7(

(13)

where Fr and F1 are the radial and load (tangential)

components of the force acting on the gear by the drive

arm (see fig. 2). The term r is the radius at which the

drive arm connects to the gear, and we let k = kx = ky In

fact, the design of the present engine is such that kx = ky

ax = ay and dx = dy Even so, in some equations the

subscripts x and y will be preserved to facilitate physical

insight.

The above equations are expressed in a
dimensionless form, where the forces are divided by the
convenient scale factor kz The quantity kr is a force
whose magnitude is equal to that exerted by the springs
when the comb drive is displaced a distance of one

radius. Also note the derivation of Eqs. (12) and (13)

makes no specific assumptions regarding the drive

signals Vx and V’y

Eqs. (12) and (13) provide a method to

experimentally determine the radial and tangential force

exerted on the gear by the drive arm at the pin joint. This
permits the characterization of friction between the gear
and hub, as well as the torque due to a load connected to

the gear. To apply the method, certain physical

parameters must first be determined experimentally, as

described in the following section.

3. Determination of Phvsical Parameters

3.1. Sm-iniz constant and dam~inz coefficient

The spring constant k and damping coefficient d

are determined experimentally from measurements of

damped free oscillations. When the gear is displaced
through some initial angle and then released, it will

experience damped oscillations about the equilibrium

position of (1= O. For small amplitude free oscillations,
i.e. when the y displacement is small, the normal force

between the gear and hub will be small, and the
resulting friction will be small relative to the air
damping force and comb drive inertial forces. Also,
calculations show the inertial forces due to the small

output gear are negligible compared to those of the
comb drive. Given these approximations, the equation of
motion for free oscillations reduces to

mx.i+dxx+kxx = 0. (14)

Using the geometrical relationship x = ~r sin(0), the

solution to Eq. (14) can be expressed as:

[ (El(t) = sin-’ sin((30)exp(-i3Xl) cos(OM)+ ~sin(wt))](ls)

where
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Al0)= (0:-5: (16)

and 8Xand r-oxare given by Eqs. (9) and (10).

Experimental measurements of damped free

oscillations of the type described above are shown in
Fig. 3. The solid line is a fit of Eq. (15) to the data using

(o = 10900 radlsec and i3X= 2300 sec ‘1. The good fit

supports the assumptions made in the derivation of Eq.

(15).

Using Eqs. (10) and (16), the above experimentally

measured values result in a spring constant of kx =

0.071 N/m. To perform this calculation, the mass mx =

5.7x10-10 kg was used, which was determined from the

known density of polysilicon (p = 2.33 g/cm3) and the
volume of the structure. The resulting value of Young’s

modulus, computed using Eq. (6), is E = 169x109N/m2.

This is comparable to the value given in the literature,

which spans E = - 140-160x 109N/m2.9 The slight

difference is either due to our measurements being made

on a higher quality polysilicon spring (with a higher

value of Young’s modulus), or is due to slight errors in
the spring geometry, which is amplified by the cubic

term in Eq. (6).

3.2. Electrostatic force constant

The value of the electrostatic force constant a (see

Eq. (3)) can be measured experimentally from static

measurements. If we let Vx = Vy = Y and ramp V until O

= 90°, the resulting value of the applied voltage V900is

related to kyr/a by

kr
1 = (V90.)2.
a

(17)

We experimentally obtain a value of V900 = 46 Y and
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Fig. 3. The spring constant d and air damping coefficient d are
determined by fitting Eq. (15) to experimental data.

hence kyr/a = 2100 V2. Using the known value of

r=l 7pm and the previously measured value of kx, we

10 F/m from Eq. (17). Thisobtain a = 5.7x 10-

experimentally determined value is in good agreement

with the expected value of a = 6.0x10-10 F/m calculated
from Eq. (3).

3.3. Ex~erimental verification of model ~arameters

To verify further the experimentally determined

values of the physical parameters, as well as validate the

modeling approach, several predictions of the engine

behavior were made and experimentally verified.

Specifically, the angular position of the gear as a
function of the applied voltage Vx and Vy was predicted

using the parameters determined above, and then
experimentally measured. The static behavior of the

engine, when frictional forces are small, is described by

O = yfrV2xcos(6) + ~V2Ysin(0) – sin(e)

+ (1 –y2)sin(9)cos((3). (18)

The angular displacement of the engine gear, as
predicted by Eq. (18), is shown in Fig. 4 as a function of

Vx for several constant values of Vy The solid lines are

the predictions using the previously determined physical
parameters, and the dots are the experimentally
measured results. The experimental data are in good

agreement with the predictions. The deviation at low

values of Vx is due to the effects of static friction, which

is not explicitly included in Eq. (18).
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Fig. 4. The accuracy of the physical parameters is validated by
the agreement between experimental data and model
predictions made using previously determined physical
parameters. The deviation at low Vx values is due to static
friction, which is not included in Eq. (18).
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4. Friction Measurements

4.1. Drive Simals

To apply Eqs. (12) and (13) to determine frictional

forces, one must operate the engine with an appropriate

set of drive signals Vx(t) and VJt), and measure the

angular displacement O(t).If the drive signals are not
appropriately chosen (e.g. square waves or sine waves
are used), the angular speed, radial force, and resulting
frictional load force can experience large fluctuations

during a single period of rotation. When this occurs, the
interpretation of the results becomes more difficult. We

now consider how to create drive signals where the

angular speed of the output gear is approximately

constant, without knowing the frictional forces a-priori.

The drive signals, angular position, radial

and load force are all interrelated according tol 0

{(
Vx = * ~k:r ~[(G+25XG)cos(0 )-62sin(0)]

‘faOz
x

1

() 1}

5

~+y2 sin(f3)+~-cos(~)
+ kxr x

and

i=.

force,

(19)

Fig. 5. The output gear of the engine self-adjusts such that the
tangential component of the applied force F, referred to as the
load force Fl, balances the frictional load torque. If the
frictional force varies during rotation, the angle of
advancement (p also changes.

{(VY = f ~ ~[(0+25Y6)sin(fl) +02cos(f3)]
(ax

I

() 1}

iF1+ 1– ~r+l cos(e)+~rsin(e)
Y Y (20)

Consider the case where drive signals Vx(t) and Vy(t) are

created using Eqs. (19) and (20), by setting ()(t)= OM,ll

Fjkr = O, and Fllkr = 2. If the value of the load force

term is set large enough to overcome static friction, the
engine will rotate when the drive signals are applied.

Since the actual forces resulting during operation are

typically different from those used in the calculation of

the drive signals, the gear dynamically “self-adjusts” so

that the force provided by the comb drives properly

balances the actual frictional torque.

This dynamical “self-adjusting” becomes intuitive

when one examines Fig. 5. Suppose the drive signal
results in a force vector of magnitude F at the pin joint
of the gear, with the force vector rotating at some

constant angular speed O. If the frictional torque is

precisely balanced by F, then the gear wil~ rotate at a

speed (o with the force vector being tangential to it. If

the magnitude of the frictional torque is smaller, the
gear will rotate at an average speed of co, but at an

advanced angle (p. The angle of advancement self
adjusts such that the tangential component of F exactly
balances the frictional load torque, as shown in Fig. 5.
The fact that the frictional force impacts the angle of

advancement is the underlying conceptual principle that

permits the present friction measurement technique to

work.

z
~ 270 E

Decreasing

Friction

■ FJkr = O

● .2
A,=4

-1 0 1 2 3

Time (ins)

Fig. 6. The experimentally measured angular position of the
engine gear is shown for three different drive signals. The
angle of advancement spans -60° for the present drive signals,
and is a direct indication of a wide range in frictional load
torques.
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4.2. Data Acquisition

An engine was operated with a series of six sets of

drive signals created by evaluating Eqs. (19) and (20)

using O(t) = @t, co= 1917 rad/sec (18300 rpm), Fl/kr=

1.75, and F~kr = O, 1, 2, 2.5, 3, and 4. The other

parameters in Eqs. (19) and (20) were determined

experimentally, as discussed in the previous section. The

angular position O of the engine output gear was

measured using a phase-delayed strobe system; by

adjusting the phase of the strobe light relative to that of
the periodic drive signal, the angle as a function of time
was measured directly.

The results are shown in Fig. 6, where only the
three cases F$kr = O, 2, and 4 are shown for clarity,

Note that in the range 0°< El<180° the engine rotates

relatively smoothly for each drive signal. Above - 180°,

the engine experiences a dynamical behavior called

lateral clamping. 12 Our friction analysis focuses on the

range where lateral clamping does not occur.

Note that the relative phase of the engine angle in

Fig. 6 is different for each drive signal. This phase shift

is a direct result of the engine experiencing different

frictional forces for each drive signal. As the magnitude

of the radial force applied to the engine gear decreases,

the resulting frictional force decreases, which decreases

the torque required to rotate the gear, which causes the

gear angle to advance (self-adjust) so the proper torque
is actually delivered to the gear. Since the gear “self-
adjusts” to the drive signals, the actual forces
experienced by the gear are, in general, different than

those used in the calculation to create the drive signals.
To determine the forces actually experienced by the

gear, Eqs. (12) and (13) must be evaluated. In addition

to the standard physical constants, all that is required as

inputs are the drive signals Vx(t) and Vy(t) used to

operate the engine, and the experimentally measured

angle E)(t).

4.3. Analvsis

The measured load torque Tl(t) applied to the gear

is plotted in Fig. 7 as a function of the measured radial
force Fr(t) between the gear and hub for a fixed total

force. Again referring to Fig. 5, if the frictional force

decreases, the gear advances, causing the externally

applied radial force to increase and the externally

applied torque to decrease. The relationship between the

two is what is shown, both theoretically and
experimentally, in Fig. 7. Only a single drive signal is
considered in this figure. The data points are computed
from 13qs. (12) and (13), where the experimentally
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Fig. 7. The theoretical relationship between the load torque
and radial force results from the gear “self-adjusting” to
varying frictional forces. The experimental data points indicate
a distribution of effective coefficients of friction exists.

measured angle and experimentally applied drive

signals are used as inputs. The data span a range of

forces and torques. The solid line represents the
relationship between the radial force and load torque

theoretically expected for the drive signals applied to the
engine. The actual frictional force is what determines

where the points lie scattered along the theoretical

curve. If the frictional force changes as the gear rotates,

the gear simply self-adjusts to the changing load torque.

Most of the experimental points in Fig. 7 are

clustered near one another, with a few outliers. This

suggests that there may be a distribution of effective
coefficients of friction experienced by the gear as it
rotates. The potential ability to experimentally
microprobe the distribution of local asperities of a

spinning gear will be extensively investigated in future
work.

To determine the functional form of the frictional

force experienced by the gear, the load torque vs. radial

force curves for each of six different drive signals was

measured. The results are shown in Fig. 8, where each

cluster of data points results from a different drive
signal. The data for each drive signal span an arc (the
same effect as shown in Fig. 7) indicating a distribution
in frictional forces. The value of F$kr used to create

each drive signal (see Sect. 4.2) is also shown for

reference. Recall that the analysis does not depend on

how any given drive signal was created.

The conventional coefficient of friction (Ff = pFn)

is given in terms of the load torque Tzand radial force F,

by
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5. Discussion
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Fig. 8. Conventional friction is experimentally observed for a
series of four drive signals that result in low gear forces. For
higher applied forces, the nature of friction abruptly changes.

~- ‘1
rhFr’

(21)

where rh is the radius at which the gear contacts the hub

(8pm in the present gear). The straight line through the
middle of the first four sets of points also passes through

the origin, and results in a coefficient of friction of p -
0.5. The arched scatter in the data indicate a distribution

in values of the coefficient of friction experienced by the

gear as it rotates (see Fig. 7). Thus we conclude that
conventional friction between the gear and hub occurs

for measured radial forces less than -4 pN (i.e. for the

first four sets of data in Fig. 8), and the local frictional

force fluctuates as the gear rotates.

For drive signals that result in larger forces, the

nature of friction abruptly changes. Still referring to Fig.
8, the experimental data for the final two drive signals
lie significantly higher on the load torque vs. radial force
arc. The limited data suggest the apparent value of the

coefficient of friction is higher, and suggest the y-
intercept is non-zero. This unique behavior has not been
previously reported.

There are at least two possible explanations for the

abrupt change in the frictional behavior of the gear seen

in Fig. 8. As the force applied by the comb drives to the
gear increases, the gear could torque out of plane with
the substrate to such an extent that different surfaces

begin to contact and rub. Such a change in the
geometrical configuration of the system could give rise

to an abrupt force-dependent change in the dynamical

behavior of the gear. Another possible explanation is the
role that air plays in the frictional dynamics of two
curved rubbing surfaces may abruptly change with

applied force. 13

Though the details of the frictional

characterization method are specific to the microengine,

some results are generically applicable to a broad range

of rotating MEMS devices. Of particular significance is
understanding how rotating systems self-adjust to drive
signals. This self-adjustment not only results in

dynamical fluctuations in the system when frictional
forces vary, but can result in huge variations in the

forces experienced by the system if the drive signals are

not carefully engineered. By appropriately modeling the

system, and experimentally measuring the frictional

forces, one can create optimized drive signals that result

in the desired dynamical behavior, and do so with a

minimum of stress and power dissipation. This approach

to create engineered drive signals could have a

significant impact on both the performance and
reliability of many types of MEMS devices.

The method to measure frictional forces has

several features that are crucial to its value in

characterizing rotating MEMS. The first is the ability to
determine experimentally the physical parameters
necessary for the friction analysis, and to do so

independent of the friction-specific measurements.

Decoupling the two types of measurements helps ensure

that the friction results have physical significance, rather
than being a mathematical artifact of a high-dimensional

curve fit, for example. The second essential feature of

the method is the ability to determine experimentally the

frictional forces during normal engine operation. This

permits one to determine how different operational

parameters impact friction, such as accrued number of

cycles, loading conditions, drive signals, lubricants,
temperature, etc. Such results could facilitate the
optimization of MEMS designs and processes. They

could also facilitate reliability characterization, the
development of reliability screening techniques, and
reliability enhancement.

The method to measure frictional forces also has

the potential for increasing our fundamental

understanding of frictional effects in small geometry
devices. For example, fluctuations in friction, either in
the spatial or temporal domain, potentially can be
characterized. The observation of fundamentally new

behavior, such as that shown in Fig. 8, are expected to

increase our understanding, not only of frictional
properties, but of dynamical properties of MEMS.

6. Summarv

A method to measure friction between a
micromachined gear and the hub on which it rotates has



been developed and implemented. Essential features of

the method include: 1) the ability to determine

experimentally the physical parameters necessary for

the friction analysis, and 2) the ability to determine

experimentally the frictional forces during normal

operation. The physical parameters experimentally
measured are consistent with those theoretically

expected. In-situ measurements of an engine running at
a speed of 18300 rpm reveal that conventional friction

(Ff= pFn; p - 0.5) occurs between the gear and hub for

low applied forces. For drive signals that result in higher

forces, the effective frictional force abruptly increases,

indicating an abrupt change in the fundamental nature of

the frictional forces between the gear and hub. In both

cases, the frictional forces fluctuate as the gear rotates.

The method to make in-situ friction measurements

of rotating structures has the potential to significantly
improve the performance and reliability of MEMS
devices. Increasing our fundamental understanding of
friction in MEMS can lead to more robust designs and

processes (including lubrication treatments). The

method also makes possible the creation of engineered

drive signals that reduce parasitic forces, thereby

improving reliability and performance.
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❑ Contractor to Sandia. List company name and contract no. Principal Case No. 7056.000

SECTION 2. Category of inforrnation. Check the category that best describes your product. Please ckeck instructwns for &/initwns.

❑ Scientific and Technical inibrmation

~ Public information to nonspecific general audiences (requires DOE pre-approval - contact Sandia Print Shop for printed material 12615 (8535),
Video Services fir videos 12614 (8275), or Tech Art for exhibita 12616 (8535) immediately)

DOE Distribution Category number (Required for technical reports only.)

SECTION 3. Format and Release Event Information. Indicate the fbrmat(s) of the information you plan to release and provide intbrmation
about the release event. See instructions.
Format ❑ Report ❑ Publication ❑ Periodical ❑ Journal Article ❑Abatract

❑ Conference Paper (3 copies) ❑ Slides ❑ Viewgraphe ❑ AudioNideoiFilm ❑ ExhibitlDieplay/Poster

Rele&e Event Indicate name of conference, meeting or publication, the aponeoring organization, place and date of event.

Name: 1996 SVIIIP osium on Smart Structures and Materials

Organization: SPIE

Place: San Diego, Calif. Date: 2/25-29/96

SECTION 4. Sensitive Information Review. Indicate the classification level and category
Title UNC Abstract UNC Total Product ON=
Classification dissemination limitations:

❑ NWD Sigma ❑ CNWDI ❑ WNINTEL ❑ SUCI ❑ Other

❑ Unclassified dissemination limitations - Means this unclassified communications product contains sensitive
information that requires dissemination restriction in accordance with one (or more) of the following control cate

❑ Unclassi6ed Controlled Nuclear Intbrmation (UCNI) ❑ Applied Technology

❑ Reactor Safeguards Information (RSI) ❑ Internal Distribution/Unofficial Report
❑ Export Controlled Information (ECI) ❑ Small Business Innovation Research (SBIR i

(
❑ 0f6cial Use Only (OUO) exemption # ❑ Protected CRADA Intbrmation
❑ Contains Proprietary In.tbrmation ❑ Other Rationale or Program Name %.

(needs a Nondisclosure Agreement attached)
❑ Unrestricted dissemination (Unlimited Release) means that distribution may ke made worldwide of this unclassified inkmmation.

SECTION 6. Intellectual Property Information.
Has an invention disclosure (TA firm) relating to the subject of this release been 131edwith the Sandia Patent and Licensing
Office? ❑ Yes SD No. ❑ No

If not, do you think an invention disclosure should be filed? ❑ Yes ❑ No
If the answer to either of the above two questions ia Yes, when was the
invention fist publicly revealed (other than to Sandizns or DOE personnel), if at all? Date

If you have any questions, please call the Sandia Patent and Licensing CMce.
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SECTION 6. Line Signatures and Approvals. Print or type all author infimmation;obtain appropriate signatures horn next level manager
and Program Manager or Center Director. Where concurrence is obtained in caee of multiple authors, approval need only go through the
principal author’s line organization.

Author’s Names’ @rent or type)

Sam Miller

Jeff Sniegowski

Glenn LaVigne

Paul McWhorter

Social Security No. Org. No.

515-68-1861 1325-1

394-64-4488 1325

516-78-1803 1325-1

466-29-5665 1325

Program Manager or Center Director (signatures depend on center policy)

Phone No.

844-4678

844-2718

844-3270

844-4683

Next

m

v 1Manager’s Signature

x’J$==5---
Paul McWhorter

Date

me
A. D. Romig, 1300 Director

SECTION 7. Classification and Sensitive Information (13214/8536) review (h@ 0176/9021),

Signature Date

6
SECTION 8. Patent and Licensing 500/8536) review (MS 0161/9021). Send tn DOE/AL for contractor-authored reports.

Copyright Interest? ❑ Yes

Patent Interest? ❑ Yes N
Patent Caution? ❑ Yes ~No

Signature Da. g t%b~~
SECTION % Printing (12615/8 S35), Video (12614/8276), or Tech Art (12616/8636), review of public communications only
(MS 0104/9021, 0651/9131, 0409/9021).
DOE approval received

Signature Date

SECTION 10. Technical Publications (12613/853S) review (MS 0619/9021)

Signature Date I%B 6199s

Y
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(0333) U.S. DEPARTMENT OF ENERGY ouecOlwOINa
COllwlespredws
-OrooE RECOMMENDATIOhlS FOR THE ANNOUNCEMENT AND DlSTRlBUTlON b2&
I=lS32f5Md,16. OF DEPARTMENT OF ENERGY (DOE) SCIENTIFIC AND TECHNICAL INFORMATION (STI) ~,-m
Anouwrecrilhwlsare
Obsdefa (See instmctions on reveme side. Use plain bondpaperif additional space 1sneeded forexplanatiorrs.) mmw S&

ART i (DOE, DOE Contractors, Grantees, and Awatrtees complete)

,.
3. Product/Report Description

O a. Report (Complete all that apply)

(1) 0 Print 0 Nonprint (specify) . .. .. . ... . . .. . .. . . .. ... .. . .

(2) 0 Quarterfy O Semiannual 0 Annual 0 Final

0 Topical 0 Phase I 0 Phase II

Cf Other (specify) ._.,,___.._ . . ...__.._._...__..______-.–_

—-. ...—-. ——.————

Dates covered thru
@b. Conference/Meeting/Presentation (Comp/ete all ttratapp/y)

(1) 0 Print fl Nonprint (s~”tj.’)

O Published proceedings

0 Other (specify)

(2) Conference Title (no abbreviations) 1996 SpIE
Smart Structures & Materials Conference.—— ..---—.

0 c. Software-Additional forms are required. Follow
instructions on the back of this form.

O d. Other (Provide complete description) —.—.

.
... ....................... ..——..- ..- ..-—-.._.-...—.—.,____. —-—

...-..-.—..——...—.—

B. Patent Information

Yes No

0 KI Is any new equipment, process, or material disclosed?
If yes, identify page numbers

O lg Has an invention disclosure been submitted?

[f yes, identify the disclosure number and to whom it was

submitted. Dkclosure number

Submitted to .-

0 m Are there patent-related objections to the release of this STI

product? If so, state the objections.

-— . .

Location (city/stat#xwntry) San Diego, CA

-.-—..—-———————...—
Date(s) (~~) 2/ 26 /96 th~ (~~) 2129 19;

Sponsor society of Photo-Optical

Instrumentation Engineers

C. Contact (Petson knowledgeable of content)

Name S. L. Miller

Phone fl~ ) 844-4678

Position

organization 13.25- 19s~

ART II (DO-E Contractor complet~oras instructed by DOE contracting officetj

A. DOE Identifiers

1. J%XXJCVR3D SAND96-0374C_ort Nos. — .—-

.—— --------

2. Fundina Office( s) (NOTE: Essential data) ‘Po1020 2200 -

B. Copies for Transmittal to AD-21 (OSTI)
(ST/ must be of MfMent quality forrnicrofilmingkopying.)

O 1. One for classified processing

02. (number) for standard classified distribution

U 3. Two unclassified for processing
04. . . . ..... ............. (number) for program unclassified distribution

05. Ucfc Cateao~ _.,____ ..---- .-.-.—-”----- . .... . . ..

,. . ,.. . . .

(J 6. Additional instructionslexplanations ..-,... .. . . .. . . .. . . . . . . .. . .

. . . . . --- .. . ., ------.-

. . .,. . . ..... . . . . . . . . . . . ............

. . . . . . . . -. .. . -.
. ... . . . . .

(Do not identify Sigma categories for Nuclear Weapons Data reports,
and do not provide additional Instructions that are inconsistent with C
below.)

C. Recommendation (“x” at least one)

N 1. Program/Standard Announcement/Distribution
(Available to U.S. and foreign pubiic)

Cl 2. Classified @andanfAnrrouncement My)

03. Special Handling (Legal basis must be noted below.)

O a. Unclassified Controlled Nuclear Information (UCNI)

Cl b. Export Controt/lTAR/EAR

O c. Temporary hold pending patent review

O d. Translations of copyrighted material

Cl e. Small Business Innovation Research (SBIR)

Of. Commercializable information

O(1) Proprietary

Cl (2) Protected CRAOA information

Release date __-—L__._L_._-..

O (3) Other (explain) _- _.

04. Program Directed Special Handling (apyattac&f)

D. Releasing Official
A. Patent Clearance (“X” one)

13 Has been submitted for DOE patent clearance

Cf DOE patent clearance has been granted
B. Released by

(Name) ..~.. Q&bY .Mar t.~m

+~ ----

(Signature) ..- .

(Phone) .............[5.!)5.).. .....!34. .,-822.0 .. ...... .... .

(Da(e) %.[[ 3./$? 6


